Memorandum 6M-4328 



Page 1 of 1 



Division 6 — Lincoln Laboratory 

Massachusetts Institute of Technology 

Lexington 73, Massachusetts 



SUBJECT: THE INFEQENCE OF CHEMISTRY ON B^H LOOP SHiPE^ COERCIVITI<> AND 
FLUX-REVERSAL TIME IN FERRTTESo 

To: Group 63^ Staff 

From: jqj^ g^ CJoodenough 

Date: y^y 15^ 1955 

Approved: Dfjo 



Abstract? 



David Re Brown 

: The factors which influence the shape of the B-H loop^ the 
coercivityj, the permeability 5, and the flux^reversal time in 
ferrimagnetic spinels are considered on two levels § a macro- 
scopic and an atomic level o To minimize consideration of 
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to be toroidSo With the assumption that domain walls are 
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The Influence of Chemistry on B-H Loop Shape, Coercivity, and 
Fltix-Reversal Time in Ferrites 
by 

John Bo Goodenough, RiaD* 

Stmnnaryg The factors which influence the shape of the B-H loop, the 
coercivity, the permeability, and the flux-reversal time in 
ferrimagnetic spinels are considered on two levels? a Biacro- 
scopic and an atomic level© To minimize consideration of shape- 
dependent properties, the ferrite components are assumed to be 
toroidSo Hith the assumption that domain walls are present in 
the material, the influence of grain«430undary magnetic poles on 
B-fi loop shape, coercivity, permeability and flux reversal is 
determined in terms of measurable physical parameters of the 
material© From these relationships it is possible for the 
designing engineer to determine the optimum parameter values for 
a given application* The spinel-like magnetic oxides may, in 
first approximation, be considered ionic lattices* In order to 
obtain some insight into the control of the macroscopieally 
measurable physical parameters by chemical composition and 
preparation procedures, as a second approximation the direc- 
tional character of the ionic orbitals is emphasized to describe 
the influence of covalent effects on magnetic moment, magnetic 
exchange, and crystalline anisotropy© These effects are applied 
theoretically to the cations of particular interest in ferrites* 
Finally, some properties of several ferrites are displayed 
graphically to illustrate the ii^ortance of processing and 
chemistry on the magnetic character of ferrospinels* 



(1) Introduction 

The engineer needs to know the limiting values he can expect 
for the basic design parameters of any circuit coiqponents in the case 
of magnetic cores for magnetic circuitry he is interested in the shape 
and size of the B-H loop, the initial permeability, the pulse incremental 
permeability at reraanence, the relationship between driving field and 
flux-reversal time, and the energy loss per flux-reversal cycle* In this 
paper these design parameters are expressed in terms of measurable physi« 
cal parameters of ferromagnetic materials* A discussion of the effect of 
component shape is minimizeds all coirponents are assiimed to be toroids© ' 

The manufacturer who is responsible for supplying a particular 
coiaponent which will meet the specifications of the design engineer within 
narrow tolerances needs to know the influence of chemistry and processing 
procedures on the meastirable physical parameters which determine the 
specified design parameters© In the third section of this paper a chemi- 
cal model is suggested which, it is hoped, may serve as a guide for the 
component engineer who wishes to design some new ferrite for a specific 
Job. This model is qualitative g yet it has the advantage of being 
easily visualized and has had encouraging success in correlating observa- 
tions of cation distribution, lattice distortion from close-packed 
symmetry, and magnetic -exchange interactions in several magnetic oxides* 

(2) Macroscopic Considerations 
(2*1) PreljLminary Models 

In order to obtain expressions for the macroscopic parameters 
or properties of f errites in terms of fundamental, measurable parameters, 
it is first necessary to have a model of magnetism and of the mechanisms 
of flux change© The f errites have a spinel-type lattice which consists 
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of a cnbic-close«»packed lattice of oxygen ions with cations located in 
both tetrahedral and octahedral interstices© In the unit cell there are 
32 oxygen ions^ 16 octahedral«site cations, and 8 tetrahedral-site cations< 
The magnetism of the ferrites originates with the atoiaic moments associ«» 
ated with cations which have a partially filled d shell© Not all of the 
cations have a net magnetic moment© As in the ferromagnetic metals, 
below a critical temperature, the Curie teir5)erature, the individual atomic 
moments become ordered© Mhereas the order in ferromagnetic crystals is a 
parallel alignment of the individual moments over large regions, or 
domains, of the lattice, in the usual ferrites the tetrahedral-site 
magnetic moments order parallel to one another and antiparallel to the 
octahedral-site moments© If the net moment on the two sets of sites are 
of unequal magnitude, the domains carry a net macroscopic magnetic moments 
because of the antiferroraagnetic coupling of the cations on different 
types of sites, the ferrites are called ferrimagnetic rather than ferro- 
magnetic© However, the macroscopic properties of the ferrimagnetic 
spinels are equivalent to those of a ferromagnetic material of low flux 
density© 

The fundamental parameters in terms of which the macroscopic 
properties common to both ferromagnetic and ferrimagnetic materials may 
be expressed ares the Curie temperature, the spontaneous magnetization^ 
the magnetostriction constants^ the anisotropy constants, the elastic 
constants, the electrical resistivity, and the magneto«=4aechanical ratio© 

There are three factors which contribute to the crystalline anisot- 

Topyt crystalline-bonding energy which is maximized if the magnetization 

is along a *pref erred* crystal direction in the lattice, shape -dependent 

^ ^"or tiie tineory or magnetic ordering in spinels, see refs© (l),(2)o 
For a discussion of the eaperaioental verification of these theories^ 
see refs© i3)H^) * 



-3- 



demagnetization energies which tend to be minindzed^ and magnetostriction 

which is sensitive to any anisotropy in the strain energy such as might 

be induced by a tensile or compressive stress o In the ferriraagnetic 

materials the resistivity can vary from 1| x 10 ohm~cm for magnetite 

to 10 ohm-cm for high-resistivity MgFepOi » 

Besides these common properties, both ferro- and ferrimagnetic 

materials in the demagnetized state are usually composed of many regions 

of ordered magnetic moments, the magnetic domains, of varying size and 

orientation© The transition region between any two domains is known as 

a domain wall© Through this transition region the atomic moments 

rotate (where possible) about an axis normal to the wall to eliminate 

(or mUiimize) free magnetic poles. In terns of the fuadarontal parameters 

of the material, the domain -wall width $" and the domain-wall energy per 

unit area a are given by 
w 



w 
where K is the effective anisotropy constant in ergs/cm , the energy 
required to rotate the magnetization a small angle <f) from an easy- 
magnetization direction being K sin 4! « The parameter A is known as the 
exchange constant | it measures the strength of the long -range interaction 
between atomic magnetic moments and is therefore proportional to the Curie 
temperature T » In a cubic crystal the proportionality constant a varies 
between 2 and h depending upon the curvature of the wall* 

The namber and shape of the magnetic domains within a crystal are 
determined by the structure of the body and its magnetic history© Since 
there is energy associated with a domain wall, such a wall is created 
only if some other energy term is correspondingly reduced© If a square 
■^ For a review article on domain theory, se^ ref© (8)© 
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block of material is saturated, there is a large amount of energy associ- 
ated with the demagnetizing fields© This energy can be reduced by the 
creation of many domains of alternating polarity o If there is an axis 
of easy magnetization nearly parallel to the surface of the crystal with 
large free -pole density, this energy can be still further reduced by the 
creation at that surface of closure domains which serve to close the flux 
path within the material© 

In a toroidal specimen of cubic crystal symmetry there are no external 
surfaces which are perpendicular to the magnetization, and demagnetizing 
fields are minimized « In nonoriented polycrystalline saasiplesi, however^ 
magnetic poles and associated demagnetizing-f ield energies are not coi^letely 
eliminated « In fact there are two kinds of surfaces at idiich magnetic 
poles exists the bounding surfaces of the material and the grain boundaries© 
The demagnetizing fields associated with these poles may be of sufficient 
ipagnitude to create new domains, the demagnetization energy being reduced 
at the expense of new domain-wall energy© The new walls may surround either 
reverse or closure domains© Closure domains are usually formed at granular 
inclusions, reverse domains at grain boundaries or lamellar precipitates© 
Either closure or reverse domains may be formed at the external surfaces 
depending upon the angle tl^e magnetization vector makes with the surface© 
The surface magnetic ■=pole density at a grain boundary Is m » I {cos©-,'=<s0S^2>)i 
where ^-19^0 *^® ^^® angles the grain-boundary normal makes with the mag« 
netization vectors in the two adjacent grains© If grain-boundary precipi- 
tates or inhomogeneities from grain-to-grain exist, this surface pole density 
is substantially increased© 

The magnetization in a toroidal coiBponent may reverse its direc- .^ 
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tion by either of two mechanisms, domain rotation or reverse -domain 

^For a discussion of domain patterns to be anticipated on surfaces 
perpendicular to the magnetization direction in permanent magnet s^ 
s^e ref {9)0 
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creation and/or doinain-=wall motiorio Although the primary contribution to 
the initial permeability in porous ^ fine-grained materials with small 
anisotropy may be domain rotation, the primary major -loop flux-reversal 
mechanism in a toroid is domain-wall creation and /or motion© Further ^ 
the domain walls of interest for flux reversal are the mobile walls? 
walls which are practically immobile in the driving fields applied to the 
magnetic toroid during use do not contribute significantly to the output 
voltage* Recently domain patterns have been observed with colloidal 
magnetite on surfaces of polycrystalline magnesium-manganese ferrites« 

The discussions to follow of flux reversal and incremental 
permeability at remanence are based on a model in which the mobile domain 
walls responsible for flux reversal are created at grain boundaries© 

These domain walls are assumed to be 18G walls surrounding an ellipsoidal 

2 1/2 
domain of reverse magnetization of eccentricity (1 - 9^ ) « In the 

presence of a driving fields these ellipsoidal domains grow by extending 
into cylinders and expanding radially until they collide with other grow- 
ing domains^ the colliding walls annihilating each other* The properties 
of ferrites driven at such high frequencies that little domain-wall 
motion occurs (>lGOHaiegacycle frequencies) are not discussed© 

(2o2) The Shape of the B°'H Loop 

The shape of the B-H loop under operating conditions is 
important for many applications* If this shape is to be controlled^ it 



^ This work was done by F« S* Maddocks of the Lincoln Laboratory and is 
recorded on film* 

^ Bates and Martin have recently demonstrated by colloidal -magnetite 
techniques on silicon-iron sa2r5)les that a reverse domain is created at 
an inclusion large enough to support closure domains if a 90*^ wall 
moves past it* If few mobile 90 walls are present ^ this mechanism for 
reverse -domain creation is probably not the dominant one* Fxirther^ this 
mechanism for reverse -domain nucleation would be less sensitive to 
external stress than grain-boundary nucleation (See Eqs*{3)^{8)| ref{10)i 
Figs* hs 6)0 
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is necessary to understand the factors which influence it© It can be 
described by four parameters^ the maxinium flux density B^ the retentivity 

B » the disturb flux density B^^ and the coercivity H <» These terms are 

r d c 

all defined in Figo 1* The squareness ratio R = B,/B is usually more 

s cl m 

meaningful than B, itself. The flux density B in a toroid may be expressed 



B -- H 4- toJl - v"-. 2v) <cos ©> ^ (2) 



» 



where v ^ v are^ respectively^ the fractional volumes of closure and 
reverse domains and <cos &> is the average field-direction component of 
the spontaneous magnetization in the various crystallite s^ or grains*, 
The quantities v ^ v^ @ depend upon the applied field strength Hg how- 
ever ^ their H dependence varies from material to material and is also 

, ' » 
structure sensitive© At saturation B « B„ and vsv«©*0» In toroids 

s 

of soft magnetic material which are driven by soft magnetic fields 
( I H I < 5 oe)^ variations with H in v are probably small and do not con- 
tribute appreciably to the flux change* The principal contribution to 
the flux change with changing field strength comes from variations in v© 

Ctoly if H^/^ (sate) <ic 1 may variations in & make a dominant contribution* 

m 

It was pointed out above that as H is reduced from saturation^ 

the donains contributing to v and v are created at surfaces of high 

th 
surface magnetic -pole density* The field strength at which the i such 

domain is created is defined as Hj.« It is defined as positive if the 

new reverse domain has a positive component in its direction* Farther^ 

if the walls bounding such a domain only move reversibly with a change of 

field strength^ the wall motion is small and contributes little flux 

change* These reversible motions are iaqjortant for initial or incremental 

penneability* However^ the significant wall motions for flux reversal 



are irreversible© The field strength required for an irreversible motion 

th ' 

of the domain wall surrounding the i domain contributing to v or v 

is defined as H o o It is defined as positive if the growing domain has 
wi 

a positive eoinponent in its direction© 

The important features determining the shape of the B«H loop 

are therefore the value of the spontaneous magnetization I g the various 

s 

critical field strengths for new'-doiaain creation H .^ and the critical 

field strengths for irreversible wall motion H . o Contributions from 

domain rotation^ or changes in © with H^ are usually smaller unless the 

variations in H are too small for significant wall motion or creation 

to occur o In small -grained^ porous ferrites rotation can dominate the 

initial "permeability loop© In ferrites I is always relatively low^ but 

with suitable chemistry to alter the balance of magnetic moments on the 

two coupeting sets of sites ^ ^^^n ^^-^ ^® varied at room temperature from 

zero to over 6000 gauss© 

It is reasonable to assume that the domains contributing 

to V and v which originate at the bounding surfaces of the material are 

practically immobile over ordinary operating fields » Their existence 

plus the finite angle © « ^ at H « H makes B <B § otherwise they have 

m m m s 

little effect on the shape of the B-H loop© If there are lamellar or 
grain-boundary precipitates present^ there may be a large internal area 
bounding the material? in such a case a large percentage of the flux 
reversal may be due to the creation of reverse domains ^ the movement of 
walls over the surfaces of high pole density being quite small© Then 
the loop has low retentivity and large coercivity since the majority of 



^ In some spinel -type lattices the net magnetization is due to one set of 
sites at high temperatures and to another at low temperatures ^ the 
variation of the spontaneous magnetization with teiaperature in the two 
sets of sites being different© See refs {1)d(W^(6)© 



H o<0 and the H . are large© If low coercivitya high retentivity 
nl wi 

materials are desired^ lamellar or grain-boundary precipitates must be 

avoided© The effects of those precipitates on the magnesium-manganese 

ferrite system are illustrated in Fig© 2 where contours of maximum 

squareness ratio are plotted against conposition© 

^Mlarly porous materials have large internal bounding surfaces 

which will act as centers for domain creation with H .< if the radius 

ni 

of the inclusions are greater than a domain-wall width S" © The re- 
tentivity is correspondingly reduced© The domains at these inclusions 
may be considered immobilej however^ they and the small inclusions which 
do not support closure or reverse domains interact with the mobile domain 
walls to considerably increase the coercivity© The explicit expression 
for this interaction is given in Eq© (6) below© Therefore the retentivity 
decreases and the eoereivity increases with the porosity of the ferrite© 

In dense ^ single-phase toroids the reverse domains which deter- 
mine the shape of the minor B-H loop defined by - H ^H-H are assumed 

to be created at grain boundaries© In the calculation of the critical 

10 

field strength H .^ it was assumed that the grain boundaries are planar 

and that the newly created domains are prolate ellipsoids intersecting 

2 
the planar surface periodically within an area D § the circle of inter- 
section having a radius r<:D and the minor-to-major axial ratio being 
A ^ r/i « 1© The angled ©-,5, ^^ which the magnetization on either side 
of the surface makes with the surface normal are assumed so small that 
the demagnetization factor of the reverse domain may be taken as 



"^ Data supporting these qualitative statements are given by ref (11) 

^ For argu^^nts Justifying thie asBU^^tion, see ref (10). More recent 
experimental data is given by ref (12)© 
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N® kn % [ln(2/^ )-lJ g the volume as V « Imr }. /y^ and the surface area 

as A « n rj[ « The critical field strength H , is taken as that which 

,th 



makes the free energy of the ^stem without reverse domains at the i 
surface equal to that with reverse domains© If the value of D is 
optimized for a given ratio b » D/r and a fixed A« v/jL ^ the nucleation 
field strength becomes 

H^^A^I^SV^^^ (3) 

with i^- ^V[Ulg^ (cos ^ ♦ cos fltg)] s Ag- 9ii/<2b %) ^ 3G in ferriteso 
The angles eu 9 a. are those made by the applied field with the magnetiza« 
tion on either side of the i grain boundary^ and L is a mean grain 



diameter* 



The magnetic-pole energy per unit area of surface after domain 

9 
creation can be shown to be 

2 
a . « -^ 1K0 L ]{2itr /D )-1 r + (harmonic terms)© 

There are many mechanisms which contribute to the critical field for irre- 
versible domain -wall motiono One mechanism is the contribution H A(^^ 

wx 

due to the work required to overcome the grain-boundary-pole energy if 

1/2 
the walls are expanded beyond the point r ® D/{2n) « The equilibrium 



.2 

1 -^Wi^ 

>2 



relation DAor,* 2r.(i/)oI AV gives 

1 — WX "-"S 



s 

where the contribution from the harmonic terms is neglected^ and r is 

c 

the critical radius for irreversible wall motion© If these surfaces were 

lamellar precipitates or if precipitation occttrs at the grain boundary^ 

^ and H , would be large , H ,< G « An increase in © due to inhomo- 
wl nl 

geneities from grain to grain will also decrease Ho and increase H .{m) 
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to possibly destroy loop squareness© Conversely, a decrease in m due to 

a decrease in ((cos &,» cos ©p) ) under an applied stress can increase 

H . « decrease H ;(o?)o 
ni wi 

If the reverse doBiains are prolate ellipsoids, there is a surface 
tension in the walls which resists domain growth* Since /» r/jt« 1, the 
surface-tension contribution to the critical field for irreversible wall 
motion is 

H (cr y^crAZL r cos ©)- where H«»I « HI cos 0. (^) 

w w w^ s c '^ - — s s • ^-^^ 

There is also the contribution H (incl) which is due to the 
interaction of graniilar inclusions with the domain walls. The inclusions 
may be classified into two typesg those at which closure domains form 
and those at which they do not*, If a domain-free inclusion is embedded in 
a wall, the energy of that wall is decreased first by the decrease in 
domain-wall area, second by the reduction of deiaagnetizing fields associ- 
ated with the free pies at the inclusion surface© Therefore there is a 
tendency for the walls to stick at the inclusions© If the inclusions are 
randomly distributed through the material, any wall will, on the average, 
intersect the same number of inclusions g therefore the effect on the 
coercivity is smaller than originally estimated by Kersten © Neel and 

Dijkstra have developed independent expressions using different averag- 

IS 
ing techniques© Experimentally it is observed that this contribution 

to the coercivity increases with particle size until the mean particle 

size is approximately © ^ the width of a 180 domain wall© 

When a mobile wall passes through an inclusion with an associ» 

ated closure domain, the closure domain remains terminated in the mobile 

16 
wall © As the wall moves away from the inclusion, the closure domain 
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ls elongated before it snaps free© The surface tension of the closure 
domains provides a force to keep the mobile wall at the inclusion* This 
interaction may be written as 

H^Cincl) ec P^'^^cyydg < R> ) for R » f, (6) 

where P is the percentage of granular inclusion in the matrix with 
average granular radius <JR^ © This expression can only be valid for 

1 > r since only then can the inclusion support a closure domain© This 

15 
contribution drops off with increasing particle size* Experimentally 

the maximum coercivity occurs at < R> p^ o • 

There are other lattice imperfections which also contribute to 
the coercive force such as local magnetic-pole densities about disloca- 
tions or chemical inhomogeneities and local lattice strains about inclus~ 

ions and dislocations© ^ Since these and H (incl) are independent of 

w 

r while RiJ')<Q if r<B/{2n) ^^^ the critical radius for irreversible 
c w 

wall motion will lie in the range B/(2«) ' < r <D/23 and H (m^) 6. 

c w 

In conclusion^ a prerequisite for a low-coercivity ferrite is 
a dense^ homogeneous^ single-phase^ annealed materialo Then the coer- 
civity is given by 

where a-, is a factor of order 10 representing the fraction L/< r cos €^ © 
In ferrites the spontaneous magnetization is generally siifficiently small 
that the first term of Iq© (7) predominate Se Therefore after the elimiBa~ 
tion of inhomogeneity and inclusions (porosity or second phase )5 the first' 
order control on coercivity in ferrites is obtained by a proper selection 
of con^josition to determine an appropriate value f or o_/l sc (K T ) /l © 



-12» 

A second-order control is then possible by proper processing procedures! 
bodies are fired for a sufficient length of time and in appropriate atmos- 
pheres to establish a homogeneous single phase with equilibrium density 
and mean grain size 1 corresponding to a carefully selected and controlled 
temperature* Figo 3 illustrates the time of sinter and degree of teirrpera- 
ture Control required for the ferrite memory cores used in a 2^6 x 2^6-bit 
array* Yields of over 90 per cent cores with satisfactory uniformity were 
obtained from preparation to preparation {90^0CX) cores per furnace load)© 
Alsoj, if a high retentivity is desired^ it is necessary to have 
H >05 where H is the critical field strength for the creation of reverse 
domains in addition to those already present at H « H © From Eq© (h) it 
is apparent that this can be controlled by making 

A^a^y^^^ll «cos a^- cos^f;> © (8) 

In metals with a given a and I ^ this is commonly accomplished by 

w s 

reducing (cos ©^- cos & ) by rolling to give grain orientation or by prO" 
vision of a grain-orientation -independent axis of easy magnetization by 
application of a tensile stress or a magnetic anneal© Similar treatments 
are used to obtain metals with square B-H loops© In ferrite s with nega^ 

tive magnet ostrictive constants the B-H loop can be squared by the appli- 

19 
cation of a compressive stress^ see Fig© ha A more practical method of 

obtaining square-loop ferrites^ however^ has been to use ferrites with 

sufficiently small I , large a oC(T K ) ^ to satisfy Eq© (9) even though 

s w c 

there is little to no grain«to-grain alignment of the spontaneous magnetic 
zation© A large value of K also reduces rotational contributions© 
Finally^ a maximum in the squareness ratio has been correlated with zero 

on PI 

4 111) magnetostrictions ^ this appears to be a second-order effect 



For a discussion of illustrative experiments^ see ref (10), 
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and may be interpreted as the result of a partial reduction in 
< (cos ^-j- cos Q-p^y • 

Before leaving the topic of loop shape ^ it is important to note 
that a combination of Eqs. (3) and (?) with ApJti30 and a^fi?'10 gives the 
following limitation for square-loop materialst 

(B^MIX 20/ < (cos ©3^- cos &2)2> | H^« EjiJ^) # V^w^' (1°) 

Unless grain-to-grain alignment of the magnetization can be achieved^ this 
limitation is serious for applications requiring square<=loop ferrites of 
large flux density and low coercivlty« 

{2o3) Permeability g 

The permeabilities of interest in magnetic -core circuits are 
usually the d«eo incremental permeabilities at remanence^ p.* «(ABA AH )^ ^ 
and the initilta perme ability u^ {AB/AH)_ „ -o From Eq» (2) it 



follows that 



•^ ^ B . . « 



{}i^- l)/hn - - jf j {1-v^" 2v^)<sin ©A»>^* v^ <:sin ^.^.^ 



* 2v, <^sin ©A©')^ # <cos ^> A(v ♦ 2v) f 

(11) 



where ji^ is either ji. or p.^ <sin ©A&^ . are averages over different 
ranges of angle * The terms involving A& are the contributions dae to 
pure rotation^ those involving A{v 4 2v) are due to domain-wall motion 
and domain creation in the interval AH© 

The change in energy of a f errite subject to a small AH causing 
a small A0 is 

AE^IkI (A©)^- (AH)I„ <50s{© * 
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In a cubic crystal with only crystalline anisotropy^ the first order 

2 2 '2 2 2 2 
anisotropy energy is EL » KAa^a^ 4- epS^ 4- a^a^)^ where the a, are direc- 
tion cosines for the saturation magnetization « In most ferrites the easy 
magnetization axis is a <lll) so that K^<0 and the a. » l/Tl* ^^ can 
be shown that in these crystals the effective anisotropy constant 1 K I 
should be replaced by 2|K-|/3 in the expression for AE« Optimizing with 
respect to A© gives A© « - a sin ©/(I -*• a cos ©)^ where ep « (31 AHA|kJ )» 
Therefore in a cubic ferrite with K^< 0, the contribution to the initial 
permeability from domain rotation is^ from Eq© (11)^ 

{|i -1) I^ f , I (AH) ) 

-~K— ^ T^l °^'^ ^ ""'^ ^^ °-^^ ^^V ^) f^/ . <^2> 

11 22 
Previous workers ^ have assumed a completely random distribution of 

magnetization directions in which v ^ l/TT and have neglected the second- 

order terms in ao With these assuB^ptions the domain-rotation contribution 

to the initial permeability is 

(H^^- 1) . 2«I^/|K^| , (13) 

o 
If in the demagnetized state the domain walls are predominantly 180 walls ^ 

few closure domains exists and the assuniption that v « 1/ -f^ is not valid© 
Further 5 it is extremely dangerous to assume that the domain-wall contribu- 
tion to the coercivity is negligible if domain walls exist in the material© 

Without a knowledge of the density of domain walls and their 
distribution^ it is iii^ossible to calculate quantitatively the domain- 
wall contribution to the initial permeability* However, it is possible 
to postula;te a domain-wall density and configuration at the remanence 

point of a high-retentivity material (B > B /2) © With a model in which 

r s 

the mobile walls are those surrounding cylindrical reverse domains 



created at grain boundaries ^ Eq© (11) becomes 

(}i^- 1)Ak«(P'^- 1)/1w * 6^^( <^^ cos9/r^) 4- <{Ar/r^)^cos ©> 

^ (An(cos©)/n> jlg/(AH), (lit) 
where An/n is the relative change in the number of reverse domains in the 
interval AH© Cylindrical domains in, place of ellipsoidal domains of 
large eccentricity sinplify the mathematics without introducing any sig- 
nificant error* The equilibrium value of r is found by minimizing with 
respect to r the energy per unit length 

associated with a reverse domain© If H,** H (inclo) 4- H (disl©)^ then 

X w w 

AH „-« (AH-H-) is the effective driving field on the domain wall© Since 
(J /X^t^ and the equilibritim value of r for AH == o is r^ (D/(2n) ' )-^] 

where ( ^ r(2%)^^^/B) «1, it follows that r^?*(qL/8) Tl - a^iqlg^^)] 

1/2 
if it is assumed that qL^8D/(2tt) « Thus for small^ reversible Ar it 

follows that 

The dimensionless parameter q is of order unity for L equal to a mean 
grain diameter© Since An ?^G for small AH^ substitution into Bq© (II4) 
gives 

~h~ ° M °->36<i(l*l.il7 v^* (3v^- .75)a) ♦ h-k v^Pd* 15p)j 

(15) 
where higher powers in p are neglected© The second term vanishes if 
E,>AHo The volume v. may be estimated as {v.* v./2)s (b «^ B )/(2 B )< 
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In dense^ single-phase ferrites v.^^G^ H-S^ and to first powers in a^p 




l*2(l-^)_i^!. L (15') 

Experimental values for ^. with AH « 1 oe© in magnesium-inanganese 
memory-core ferrites are tx.« ^0-^00 o From Eq» (1$ ) the estimated 
contributions from domain rotation and domain«=wall motion are^ respec- 
tively^ '^1 and ^^200© 

Of particular interest to the noise problem in a magnetic- 
memory matrix is the difference A ^ p. a." P-k $ where the incremental per« 
meabilities jx. o jx.^ are those^ respectively^ for positive and negative 
AHo (Positive AH is in the demagnetizing direction)* From Iq* (1^) it 
follows that 
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For AH « 1^ the estimated values of A for a magnesium-manganese memory 
core are A ^liGo The corresponding easperimental values were A^ 10-100, 

I* F* 

Finally it should be pointed out that the amplitude permeability 

, 11 

|X5 B /H decreases with increasing frequency | at higher frequency the 

applied field is in the neighborhood of its maximum value for shorter 

times ^ and smaller irreversible wall motions result© This effect is more 

pronounced the larger the fraction of the permeability resulting from 

wall motion© 

(2ol|.) Flux Reversal 

In many circuits magnetic cores are driven by square-wave current 
pulses© In these circuits the shape^ peak voltage^ and duration 

^ fh. ass^ptlon i. ref tail Of Ep pr^ in^ead of p [(au-W)-!]' can- 
not be Justified as (2nT^/^ ) is not very different from 1 in the range 
G^H^AHo 



of the output pulse on the secondary are of interest© The principal 
mechanism for flux reversal is the creation and/or growth of domains of 
reverse magnetization by the motion of the 180 domain walls which 
surround them© According to the model of this paper^ these reverse do- 
mains are ellipsoids of such large eccentricity that they may be well 
approximated by cylinders© The retarding forces per unit area of the 
wall can be expressed as energy per unit volume 2B,*>J.^ where H is the 
threshold field for which the average velocity of the walls vanishes© 
Since the mass per unit area of wall is small ^ m^^lO gm/cm ^ in first 

approximation the equation of motion of the walls of the eaqpanding domains 
o 2k 

xS 

where p is a viscous-damping parameter and © is the angle between the 

applied field H and the magnetization I in a particular grain© Eq© (1?) 

— m ~"S 

assumes an ideally square input pulse© Therefore it is valid only when 

the rise time t of the input pulse is small compared to the switching 

time T© Also because H represents an average over all the walls which 

o 

move 5 it has a constant value only for driving fields greater than the 

critical field H (max) required to move all the mobile domain walls© 

However^ it is a good approximation within the limits H {max)<H <H(t A<0©3) 

w m r 

The viscous-damping parameter p « p * p is composed of an eddy^ 
current and a relaxation contribution© For practical interest ferrites 

Mist have a sufficiently large resistivity that p /p <^lo The eddy«» 

e r 

current contribution is therefore neglected© The mechanisms responsible 

2K 
for relaxation dangjing are not known© It has recently been suggested 

that they are due to relaxation losses in the elastic constants^ these 

losses being measurable as ferromagnetic losses because of magnet ©elastic 



,18. 



coupling* itlthough the precise origin of this daaiping is not yet knoim^ 

its effect can be reasonably eatpressed by a phenoiaenological equation of 

26 
angular motion first proposed by Landau and Lif shitzs 

dl p 

gj - r(i X H) # A (I X H X I)/I'', 

where r « ge/2mc is the mgneto^echanical ratio and A is an intrinsic 

2ii 
relaxation frequency© From this equation it can be shown that 

p^= 2 A (K'A)^''Vy^5 Y*^- Y^ ♦ aVi/. 
Since p is independent of <r^ ^ integration of Eq« (I?) gives 

A / <\^^^ 

(H =H )t-S » Ai^fl ~J4,/|\ , (18) 

where d is the distance a wall moving with average velocity d <r> /dt 
travels during the flux -reversal time t^ and S is defined as the switch- 
ing coefficient© In the application of Eq» (18) ^ it mast be appreciated 
that d and H may be considered independent of H only in square -loop 
materials© In a coincident -current memory the driving fields are re- 
stricted to (H - H ) ^ H o For a low-power^ high-speed memory it is 

necessary to have a small S © Present square-loop ferrites have 

w 

S^ 1 <* 0©5 oe-=|isec© If a core shoald switch by domain rotation rather 

than wall motion^ then d/r « 1 and the numerical coefficient is halved 

since the switching can be described by the motion of a plane wall moving 

one wall width bt in such a material S would be reduced by a factor 

w "^ 

of nearly 100© 

The shape of the output voltage on the sense winding is a 

measure of the rate of change of flux through the magnetic cores 

frfoT typical plots of H vs© 1/t^ see refs<,(2i|)^(36) where the properties 
of square-loop ferrites are coiapared with those of metallic ribbon cores. 
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i i 

(19) 
where A^ is the area of intersection of the i reverse domain with some 

cross-sectional area of the coreo Since the domain walls are accelerated 

to their average velocity within the driving-pulse rise time of G«2 p-sec^ 

the shape of the output voltage for a given H is determined by 

^QA«/^<r^ e Both reversible and irreversible domain creation and/or 

growth contribute to the flux change© With a model of cylindrical reverse 

domains^ JA^/^<r>^0 for values of r which are too small for collision 

of reverse domains© The reversible motions contribute an output voltage 

which rises to a maximum at the end of the pulse rise time and then falls 

off sharply^ the walls reaching their equilibrium position for H at the 

m 

end of the rise time© After t ^ however , the output voltage due to 
irreversible domain growth continues to increase with increasing domain- 
wall area until the various reverse domains collide with one anothers 
subsequently the output voltage decreases as the colliding domain walls 
annihilate each other© Since ^r) is a function of time through Eq« {l?)^ 
the irreversible domain growth produces an output voltage which is a 
unimodel function of time© Its maximum shifts to shorter times with in- 
creasing H © Because of a random distribution of reverse domains « at 
m * 

larger r^ or longer time^ the term J^Ok^/^ir} falls to zero with a 

i ^ 
Gaussian-like tail© A typical output voltage from a magnesium-manganese 

memory core driven by different fields H is shown in Fig© 5© The first 

small peak due to irreversible effects is nearly swamped by the large 

peak if H is large© 
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Finally since in any given core T^k>/^ <t> may reasonably 

1 

be assumed to vary with < r> independently of the wall velocity for 

H (raax)< Hjjj<H(t /t<0o3), the peak voltage 7^ is seen from Eq. (19) to 

vary directly with the driving fields 

(H «=. H ) * B ( iS) (20) 

^ m o' V V u 1 / 

2 
where S eC bA is a constant of the material© In contrast to S , 
V '^' s w-' 

the coefficient S is independent of the loop squareness? it is there- 

V 

fore the more useful parameter for materials with nonsquare loops » It 
can be shown that corrections to S for a nonsquare-loop material can 
be made from a knowledge of S © In Fig« 6 the loop shape and switching 

V 

coefficients of a Ferroxeube-103 core are plotted as a function of an 

externally applied compressive stress© Presumably the smaller nuBJber of 

reverse domains participating in the switching causes R and S S ''C d 

S V' ^* 
p""F 

to increase with stress while the increase in K influences H ""^NK © 

o 

(2 ©5) Tenperature limitations 

For a square'-loop ferrite the total energy loss W per unit 
volume per cycle is^ iinder the approximations inherent in Iq© (l?)^ 

WJi^2H I <co& ©) * p d/r 4- (eddy-current losses)© 

11 
In some high-permeability materials Wijn has shown that beside the 

usual losses associated with 6 « there are residual losses at low fre- 

*^r 

quencies which are due to a relaxation phenomenon resulting from the 
diffusion of electrons© These residual losses are most pronounced when 
ferrous and ferric ions are both present on the octahedral sites© To 
minimize this effect^ ferrites should be prepared so as to minimize the 
number of ferrous ions present© This also hb1®s the ed^^-currenb losses neglqgiiilee 
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The energy W is dissipated as heat within the core© Since fer- 
rites are poor thermal conductors, this heat is not readily removed froK 
the core* Therefore if the core is switched at a high repetition rate^ 
it will be operating at a temperature which is considerably above the 
ambient temperature. Since the characteristics of the material degener- 
ate rapidly as the Curie teiBperature is approached, there is an upper 
repetition-rate limit for a ferrite-core circuit© This limit is optimized 
by maximizing the Curie temperature and minimizing the core dimensions » 
The temperature limitations for a magnesium-manganese ferrite operated as 
an information-storage device are indicated in Fig© 8© 

(3) Microscopic Considerat ions 
In first approximation the theory of ferrites assumes that 
these materials are ionic© From this model it is possible to estimate 
the electrostatic binding energy^ the elastic moduli, and, on the basis 
of a packing of hard spheres, the lattice parameters and gross crystal 
structure (rock salt, spinel, perovskite, etc©)© From this model it has 

also been possible to essplain the very large variations in electrical 

27 
resistivity p© Verwey has demonstrated that if two cations of the same 

atom but different ionization are randomly present on the same type of 

lattice site, the resistivity is reduced© This is important for the fer«» 

24- 3* 
rites where Fe and Fe are often both present on the octahedral sites© 

However, this approximation gives incoii$>lete information about cation 
affinities for tetrahedral vs© octahedral interstices in a close-packed 
anion lattice and can give no information about certain lattice distor- 
tions from close-packed symmetry, the indirect magnetic -exchange inter- 
actions by which the cation magnetic moments are coupled via an 
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intenaediary anion, and crystalline or inagnetostrictive anisotropy© To 

understand these properties which, in the ferrites^ determine the inpor- 

.. t 

tant parameters I , T or A, and K , it is necessary to have a second 
s c 

approximation If this approximation is to be useful for the materials 
manufacturer, it must be easily visualized qualitatively and correlate 
observed data? it should also suggest the essential features for a 

quantitative calculation* 

26 
Such a second approximation has been proposed* It is cast in 

29 

the language of directed orbitals and covalent bonding to make its 

qualitative features more readily visualized* It assumes that the 3d, Usj 
and lip atomic orbitals, which are of nearly the same energy, may become 
hybrid orbitals in the crystal lattice© If there are low-energy cation 
orbitals which are erapty and strongly overlap full anion orbitals, the 
cation«^inion bond will be partially covalent, the anion sharing its outer 
electrons with the cation© The degree of covalence is given by a /AE, 
where a varies with the orbital overlap and AI is the energy difference 
between the ionic and excited (covalent) state of the system* The 
number of electrons in a cation d shell detearmine the possible low«=«nergy| 
hybrid orbitals which are completely empty, and the lattice symmetry 
about the cation determines whether these empty orbitals can strongly 
overlap the full anion orbitals* The factors which determine the cation 
affinity for a given anion interstice are the electrostatic energy, the 
cation size, and the degree of covalence or sharing of anion electrons 
with neighboring cations via the overlapping orbitals* What determines 
the cation distribution in a particular spinel lattice is the relative 
affinities the cations of that spinel have for the tetrahedral or octa- 
hedral interstices* 
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In Table I are indicated the angular dependencies of the 

possible atomic orbitals of interest together with their azimuthal quan- 

tma. number m indicating the component of the orbital angular momentum on 

the axis @ = Oo The effect of the crystalline^ cubic electric fields is 

to split the atomic d energy level into two energy levels* The level d 

e 

is doubly degenerate containing the orbitals (expressed in terms of their 

2 2 

angular dependence only) d * sin & cos 4>* d « (3 cos 0- - 1)| the level 

2 
d. is triply degenerate containing d * sin Q- sin Ao (d ♦ d ) ~ 

sin © cos © e— ***<, The orbitals d are directed along the three cubic gixes, 
lifliere the spatial directions are specified^ the angular momentum is not 
known in accordance with the Uncertainty Principle » Therefore the split- 
ting of the energy level makes m * f or d and d <> This is referred 
to as ^quenching" of the orbital angular momenttLm*, Further^ if a cation 

is in an octahedral site^ the energy level d > d. to provide ^ if possible ^ 

e t 

an empty orbital extending towstrd the neighboring anions* Conversely if 
a cation is in a tetrahedral site^ d. > do Since this splitting may be 
assumed weaker than the splitting due to the atomic exchange interactions^ 
the atomic d energy levels within octahedral (or B) and tetrahedral (or 4) 
interstices of a close -packed-cubic anion lattice may be schematically 

represented as in Figo 8<» Finally the significant hybrid orbitals are 

3 3 2 3 

tetrahedral (sp )^ tetrahedral (ds) using d,^ octahedral (d sp ) using 

2 
d s an.d square (dsp ) using d e From these considerations it is 

e or ^ o ^ 

possible to construct Table 11© It must be eu^shasized that the degree 
of covalence for cations of similar outer-electron conf igxiration will 
vary from ion to ion so that the coltimn **covalent interstice affinity^ 
must be recognized as offering ^ at best^ a qualitative rule of thtimb© 
Besides^ relative cation charges and sizes must also be considered before 
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TABLE III§ Order of cation stability in A sites of oxygen spinelsg 
(Estimated on basis of available experimental data) 



MOST STABLE 




In3* 
Mg2*, Cu^* 




Mn3*,Sa^* 


Zn^*, Ge*** 


Cd2* 




Ti*** 




Cr3* 


Mn2* 








Mn^*,Ni2* 


LEAST STABLE 



TABLE lit CATION CHARACTERISTICS DEDUCED FROM HTBRID -ORBITAL HYPOTHESIS 
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an estimate of probable cation distribution can be made. If no obviotis 
assignment of interstice location is possible, the entropy is an impor- 
tant factor distributing the cations randomly over the two types of sites o 
In Table III the cations commonly found in spinel -type lattices are 
listed in order of their eacperimental stability in A siteSo 

To calculate I at OK, it is only necessary to assume that 
the ions on the A sites have their moments aligned parallel to one 
another and antiparallel to those on the B sites© This type of magnetic 

coupling holds generally in the f errites unless the major percentage of 

2* 
A-site ions are nonmagnetic as in Zn -substituted materials© An 

30 
appropriate correction must be made in the case g^2o 

In f errites of practical interest, the Curie temperature T or 
the exchange constant A are primarily determined by the strength of the 
A-B coupling, the coupling of the A«site magnetic moment with the B^site 
moment© This coupling is indirect, an anion playing the role of an 
intermediary o In a cubic lattice the anion p orbitals, if they are not 
hybridized with the s orbital through covalent bonding with tetrahedrally 
located neighbors, have (see Table I) the angular dependence p = sin cos 
p^ sin © sin (f>, p = cos © and are directed as in Fig© 9(a) © By the 
Pauli Exclusion Principle each full orbital contains a pair of anti- 
parallel electrons© If the anion overlaps an empty cation orbital of 
low energy (represented schematically in Fig© 9 by a straight line from 
the cation) 5 the anion-eation bond is partially covalent© Further if 
the cation possesses a directed magnetic moment, the anion electron whose 
moment is parallel to that on the cation will be the more stable in the 
covalent bond (extension of Hund's rule)© If another cation is similarly 

^ For the theory of I (T) in f errites refer to refs© (l),(2),(5)o 



situated on the opposite side of the anion^ the lowest energy state is 

that in which each of the two anion electrons has the opportimity to be 

the dominant electron in a covalent (or semicovalent since one electron 

predoBiinates) bond© This gives rise to antiferromagnetic coupling such 

as occurs between the A- and B-site cations of the usual ferrite© If 

the second cation happens to be one with low-energy orbitals designated 

(dsp ) 4- fid 1 in Table II which are oriented as shown in Fig* 9(b) ^ then 

the second anion electron is oriented antiparallel to the net moment of 

that cation because of the Exclusion Principle^ and the two cations are 

ferromagnetically coupled© Because of the indirect nature of the mag-^ 

netic coupling^ the magnitude of T or 4 varies with the degree of 

c 

covalent bonding as well as with the magnitude of the cation magnetic 
moments and the percentage of A and B sites which are occupied with mag- 
netic ions© Variations in the Curie temperature of a ferrite with 

2.4" 2'#' 

additions of nonmagnetic Zn in A sites in place of nonmagnetic Mg in 

2# ' ■ 
B sites is illustrated in Fig© 10© With added Zn there is also an 

initial increase in B with a corresponding decrease in H © 

S X U Q 

2 
"Whenever empty ^ low-^energy (dsp ) orbitals are available for 

covalent bonding^ there is a possibility of lattice distortions© These 

orbitals point toward the four corners of a square© If they exist in B 

sites^ four coplanar bonds are more stable than the two ionic bonds 

perpendicular to this plane ^ and the site is distorted to tetragonal 

symmetry with e/a> 1© K enough o£ these distorted sites exist, below 

a critical temperature they order to reduce the elastic energy of the 

lattice, and the entire crystal becomes tetragonal (c/a> 1)© If these 



^ For an illustration of this type of coupling, see refs©(31)^(32) 
f For a further discussion see ref © (28)© 



TABLE IVt Some tetragonal spinels 
CoiBposition Axial Ratio c/a 



lol6^ 
lol6^ 
lol6° 

1.06^ 
1^02^® 

f 



^3% 


im^o^ 


2 k 


CoMipO, 


CuCr^O, 


CxjFe 0. 


NiCr^O, 
2 h 


Gdin G, 


Caln^Oi^ 



2j(fc 
^ Varies with heat treatment^ or number of Cu ions in B sites© 

^ A Stoichiometric sample Cdin 0. prepared at Lincoln laboratories 
by Do Wickham and ¥o Croft was cubic {a, ^ 9ol6 A)© 

a© Do Wickham and W<, Croft ^ impublished research 

bo Eo Jo Wo Verwey and Jo Ho de Boer^ Rec. travo chim 55. 

531 (1936) ""' 

Co Bo Mason^ Am« Minerologist 32^ ^26 (19li7) 
do Eo Fo Bertaut/Jo physo radlBn 12^ 252 (1951) 
eo Fo Ko liOtgering^ Thesis^ UniVo of Utrecht (Jfer* 1956) 

to appear in Philips Reso Rep© 
f oLo Passer ini^ Gazzo chim* italo 6O3 75ii (1930) 



orbitals exist in A sites^ the A site is distorted by the shift of the 
four neighboring anioi^s towards a common plane© Sberic hindrances prevent 
the anions from becoming coplanar^ but the shift causes a distortion of 
the lattice to tetragonal symmetry with c/a<l« Some common tetragonal 
spinels are listed in Table IV© 

7ft 

Cations with electron configuration d or d cannot form (dsp ) 

bonds without a reduction of their magnetic moments these cations will 

2 
not form (dsp ) bonds unless the energy gain due to covalent bonding is 

greater than the loss in eaergy due to reversing the electron spin 

against the exchange forces© From the tetragonal distortion of MiCrpOj 

24- 
(c/a s lo025)^ it appears that the Ni ions in the B sites of this 

6 K 2 

spinel do form square bonds v The possibility of (dsp )-bond formation 

10 
in the d cations is smalls it requires an energy gain due to covalent 

bonding in excess of the loss in energy to excite two electrons from a 

28 
fun d shell to a p state© However^ there is some evidence (see Table 

IT) that this can happen in the ease of In o 

The origin of the anisotropy and magnetostriction in ferro= 

magnetic materials is not yet fully understood© It is generally agreed^ 

however^ that if the magnetic ion has an angular momentiim which is coupled 

to the lattice I) then the spin-orbit coupling will give rise to a magnetic 

anisotropy© If^ therefore^ the azimuthal qtiantum number m along a O.G0> 

is not zero (see Table II) for a given magnetic cation^ its spin-orbit 

coupling can be assxaaed to contribute to an easy=magnetization direction 

along a <100^ axis© jtoiong the few available experiments it is observed 

that when all the cations of a ferrite are so located that m ^ 0« the 



^ Measurements verifying the nature of the A site distortion in GuCrpO. 

were recently reported by ref ©(33)o ^j. 
f The objection of refo(5) that the Ni are in A sites is not experi- 

mentally verified and is open to serious question© 



easy-magnetization direction is along a <113) and the 0-11^ magnetostric- 
tion is negative© As a rule of thumbs if it is desired to change the 
anisotropy from a 021} direction to a <100^ direction^ it is necessary t© 
introduce into appropriate lattice sites cations for which m may be m « 1« 

Similarly if it is desired to iraprove loop squareness or 
initial permeability by making the Clll> magnetostriction constant vanish 
{ A,*o,* 0)^ it may be tentatively assumed that cations so located that 
m s contribute to A-t-n^ ^ ^^^ cations so located that m;^0 contribute 
to A--.>0o It should be noted that Gu and d -cations such as J&i 
distort their interstice from cubic symmetry© In this instance the cubic 
symmetry is destroyed and with it the mechanism for orbital HJiomentum 
quenching through cubic -field splitting© Additions of these ions have 



been observed * to contribute A-i-.^ 0< 



2* 
Since m «» 1 for Fe ions in B sites^ any measurements of 

anisotropy on samples which contain excess iron may be in considerable 

error when applied to stoichiometric ferrites© The problem is further 

coii5)licated by the fact that at room temperature the Momentum°contributing 

2.4- 34" 

electron is not localized to the Fe ion if Fe ions are also present on 



the B sites© It is only at lower temperatures^ (T<130 K) that the easy- 
magnetization direction of Fe^Oi becomes a <100/> © 

In conclusion^ the factors influencing B-H loop shape ^ coer- 
civity^ permeability^ flTix<=reversal time^ and energy loss in ferrite cores 
driven by square-wave piilses have been e^ressed in terms of structure- 
sensitive and stinacture -insensitive parameters© These are stimmarized in 
Table V© Further a chemical model has been provided to suggest qualita- 
tively how the structure-insensitive parameters I^ K^^ Kii^ -^ ^ depend 
on the chemistry of the spinel lattice© The contributions to the 



TABLE Vs Summary of iuportant design-parameter^ physical=»constant 
relationships in ferrites 
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Parameter 



Retentivity 

Loop 
Squareness 



Coercivity 



Permeability 



Noise 



Flux ReTersal 



Output Volto 
Elj|bes/cycle 



\- Unl^(l-v^~ 2vp <Gos ©> 

H oC(A a ~ Lco*^)! A ^^30 in ferrites 

H^> G if (AgO-^) P>Ig <(cos©^- cos©2)^/> 

or (Bg/r ) < 20/ <(cos&3^- cos2)^> 

provided dense, homogeneous body without 
precipitates* H » = H (o)"^) * H (a„) 



H = H (w^)+ H (a )+H (incl«)+ H (lamoppt*)'*-e.o 
c w www w 

VV-^V(^s^) 

H (inclo)«^P^''^^a /I <E>for<R>»I 

(Maximum value occurs for <R) ^ ^ )• 
H (lam<,ppto) '^a./(2rLj 

W A S ^ 

(u "»l)-2?i(l^/|iL|)(0e^U4- Oc8 v^> Wall 

Contributions 

iM B |1L| 

(i. »1)^ laic ^ 1*2(1- ^) .^ 

Cl^(AH)f B. - ^2 

A..- 3e8| ^ ^ Ul- ^ 



M- 




(H,- H„)W^dy Cerent)* M^^^A (^-g 

s^ ( 1 (rotation) 

provided H (Max)^ H ^H(t /t^^o3) 

4 . -1 '^IdT 2) A, 

V^- S (H - H )| S oc -.§-£^ I. i 
u 1 V m o^ V 



W « 2 H I <cos Q^) 4- p d/T + (Eddy current)* 



o s 



A i Wt^ 

(Eddy 
(Residual) 



Factors determining values of 
basic physical constants 



•^s^^i^^c^ '^iii^ ^^^^^'^^^y 



J V f with porosity 



and 



V. s inversely with H 

<cos ©> oil 

<(cos©^"Cos©2) > J 8 /^iii 

external stress 

jTfAt Processing(time and 
^-^ temp^ of sinter 5 press^ 
ing pressure 3 etc*) 
Ft porosity and precipitates, 

a^ surface pole density at a 
^ lamellar precipitates 
varies with thickness of 

ppto and I » 

s 

Ljp- mean distance between 
■ lamellar precipitates « 

As (t) 

H 8 with H^ 

f oc (T A t )^/^ 

d g inversely with LoR 

^ s 

(Eddy Current )s inversely ^ 
with pg with (smallest dim») 

l/p Lwith presence of 
(Residual)]" two cations of same 

element but different 
ionization on same 



sites (Fe^*^ Fe^^) 



^ (s) A 



) ^ o magnetic history an<J 
number of active 
centers for domain 
nucleation© 



.^cl-. 



-28- 

parameter A are not yet understood* Finally the importance of careftil 
control of such structure -sensitive properties as grain size^ porosity^ 
precipitate s^ and material homogeneity have been stressed© 

Acknowledgment 
I would like to express my appreciation to F<, Eo Vinal^ J© 
Sacco^ and D© L© Brown who were responsible for the preparation of the 
materials reported on here^ and to Bo Frackiewicz who measured the Curie 
ten^eratures reported in Fig© 10 « I also wish to thank Rp Zopatti and 
De Haigh who were responsible for the measurements of the loop and switch- 
ing parameters reported in Figs© 3 3 10© 



Referepces 

(1) NEEL5 Log *»Magnetic properties of ferritesi f errimametism and 

antiferromagnetism^w Annales de Physique, 19ii8, [12] 3 5 Po 137"198, 

(2) YAFFE^J^ T., and KLTTEL^ C«s WAntiferroniagnetic arrangements in 

ferrites,»» Physical Review, July 15, 19^2, 87^ Po 290"29lio 

(3) ROMEIJN, Fo CoS ^Physical and crystallographic properties of some 

spinels, »» Philips Research Reports, 1953* 85 Po 30li-320« 

ik) GORTER, Eo Wo? *»Saturation magnetization and crystal chemistry of 
ferriiaagnetic oxides* lo II • Theory of ferrimagnetism IIIo^** 
Philips Research Repoirbs, 19^ks 9*'Po 295-320, po 321-365 o 

LOTGERING, F« Ko§ ""On the ferrimagnetism of some sulphides and 
oxides,** Thesis, University of Utrecht ^ March 1956, (to appear in 
Philips Research Reports)© 

MAMSIliL, 1.0 Ro, and PICKART, S* J«g ^Magnetization in nickel 

ferrite-aluminates and nickel f errite-gallates,*» Physical Review, 
December 1, 1953, 92, po 1120 -1126 | ^Magnetic and crystalline 
behavior of certain oxide systems with spinel and perovskite 
structures,** physical Review, December 15, 1951*^ 96^ p© I5t)l='l5<35e 

CAIiHOUN, B. A.g ^'Magnetic and electric properties of nagnetite at 
low temperatures 5,** Physical Review, June 15, 1951^, 9i|.5 Po 1577«' 

KITTEL, C*g ^Physical theory of ferromagnetic domains,"^ Reviews of 
Modem Physics, October 19^49, ^$ Po 51*1-583 o 

(9) GOODENOUGHj J© Bo 8 ^Interpretation of domain patterns recently 

. . found in BiMn and SiFe alloys, « Physical Review, April 15, 1956, 
102 , p© 3^6-^36^ t, 

(10) G0CIDEK0UC3I, J© Bog **A theory of domain creation and coercive force 

in polycrystalline ferromagnetics,*' Physical Review, August 15, 

195I4, 21^ Po 917-932© 

(11) SMIT, Jo, and ¥IJN, H. P© J©g ^•Physical properties of ferrites,»» 

Advances in Electronics and Electron Physics, 1956, 6^ p© 69'=*136© 

(12) GREINER, C©8 «*Nachweis von Ummagnetisienmgskeimen an Eisen»Nickel" 

iDrahten unter 2ug mit der Methode der Bitterschen Streifen,"* 
Annalen der Physik,l5 July 1955^ I65P0 I76-I8O© 

(13) KERSTEN, M©g *Grundlagen einer Theorie der Ferromagnetisehen 

Hysterese und Koerzitivkraft,* (So Hirzel, l.eipzig, 191*3 )• 

NEEL^ I.©8 »^ouvelle theorie du champ coercitif,*' Physiea, April 
191*9, 15, Po 225-231*0 



(1^) DIJKSTRA^ Lo Jo 9 and ¥ERT^ GoS "**Effect of inclusions on coercive 
force of iron^** Physical Review^ September 1$^ 19^3 79$ p© 979^ 
98^1 KERR^ Jo ^ and WERTp Co^ *»lffect of nitrides on t!^ coercive 
force of iron^w Joiimal of Applied Hiysics^ September 1955 5» 26 ^ 
Po IU+7-II5I0 

(16) WIILIAMS^ Ho J*g and SHOCKLET^ W*8 »»A simple domain structure in 

an iron crystal showing a direct correlation with the magnetiza- 
tion^ «»Riysical Review^ January 1^ 19k9^ 7^9 Po l78~l83o 

(17) VICEKfA^) Fdf *0n the influence of stresses produced during precipi^ 

tation on the coercive force of ferromagnetics^** Czechoslovak 
Journal of Physics^ February 1955 5 ^& Po 11~17| ^Qn the influence 
of dislocations on the coercive force of ferromagnetics ^*> 
Czechoslovak Journal of Physics^ 1955^ 5|^ P® ^80«*ij88o 

(18) BRENNER^ Ro§ ^Ergebnisse und Probleme der quant itativen Theorie der 

Koerzitivkraft^** Zeitschrift fur angewandte Physik^ September 1955 < 
7, P» i*99-507e 

(19) WIILXAHS^ Ho J«5 SHERWOOD^ Ro Co^GOERT^^ Mo^ and SCHNETTLERj, Fo S08 

^Stressed ferrites having rectangular hysteresis loops ^*9 
Transactions American Institute of Electrical jSngineers (Communi" 
cations and Electronics^ November 1953 5 No* 9^ P* 531-537) o 

(20) ¥IJW^ Ho P0 Jos GOITER^ Eo W<,^ ESVELDT^ Co Joj, GELDERMAHS^ PoS 

^Conditions for square hysteresis loops in ferrites^»« Philips 
tPechnical Review^ August 19511^ 16^ po li.9='58o 

{21) BiULTZER^ Po Ko2 ^^Magnetostriction in ferrites possessing a square 
hysteresis loop^" Conference on Magnetism and Magnetic Materials |, 
Jane li|.«l6^ 1955 (Published by American Institute of Electrical 
Engineers 3 October 1955) ? Po 2147-2520 

(22) WEISZ^ Ro S08 ^*Initial permeability in ferrimagnetic spinels^*" 

Conference on Magnetism and Magnetic Materials ^ June lii."l6s 1955 
{Published by American Institute of Electrical Engineers^ 
October 1955)^ P* 292-298o 

(23) GHIIi)RESS|> Jo DoS **The noise problem in the coincident-current 

memory matrix^** Conference on Magnetism and Magnetic Materials^ 
June 114-^16^ 1955 (Published by American Institute cf Electrical 
^gineers^ October 1955)^ Po 210 -218 « 

(2k) MENITJi:^ No and GOODEKTOUGH^ Jo Ba «>Magnetic materials for digital- 
computer componentSo lo A theory of flux reversal in polycrystal- 
line ferromagnetics^** Journal of Applied BiysicSg January 1955^ 
26^ Po 8-l8o 

(25) ZEIGER5 Ho and HELLER^ G^g ^agnetoelastic theory of line widths w 
(to be published) o 



(26) LANDAU^ Lo and LIFSHITZ^ E«8 »0n the theory of the dispersion of 

magnetic permeability in ferromagnetic bodies^^ Physikalische 
Xeitschrift Sowjetimion^ 1935^ £* P« '^^3'°^^9o 

(27) VERWET^ Eo Jo ¥0 and de BOER^ «J« H«§ »Cation arrangement in a few 

oxides with crystal structures of the spinel type^" Recueil des 
Travaux GhimiqueSj 1936^ 5S^ Po ^31'^^kOo 

(28) GOODENC3CJGH3 Jo B« and LGEB^ Ao L«g w^heory of ionic ordering^ 

crystal distortion^ and magnetic exchange due to covalent forces 
in spinels^** Physical Review^ April 1^^ 19^5^ 98^ P© 391=i4.G8« 

PAUIilNG^ X«8 ^he Kature of the Chemical Bond^** (Oxford Univ, 
Press^ London^ 191^8) second edition© 

KITTWL^ G«8 •"On the gyromagnetic ratio and spectroscopic splitting 
factor of ferromagnetic spinels^ »» Physical Review^ lipteiriber 15^ 
19^9r2§^ P« lh3-lkS^ 

(31) GOCHJENOUGHp Jo B«§ «»Theory of the role of covalence in the 

peroTskite«type manganites fIia^K(ll)3 Mn0« 3** Physical Review^ 
October 1$, 1955^ IgO, p^ ^61^-^73* ^ 

(32) WblMN^ E<» 0« and KOEHLER^ W* G«§ «»Heutron diffraction study of 

the magnetic properties of the series of peroYskite-type 
compounds r|l<»x)la^xCa'] IfeO^^** Physical ReTieWj, October 1$^ 19$$ s> 
100^ p. ^li5-^63«. ^ 

(33) PRINCE^ Eo§ **Crystal structures of two tetragonal pseudo-spinels^** 

Bulletin of the American Physical Society^ March 1$^ 19$6^ [2] I5, 
"Po 132« 

(3I4) BICKFOEH)^ Ii« R«^ Jr«,s "ferromagnetic resonance absorption in 

magnetite single crystals^ ^ Physical Review^ May 15^ 1950 ^ 78^ 
Po hk9-k$7<. "^ 

(35) MENIUK^ Nog ^Stress effects in f errites and generalization of 

switching coefficient for nonsquare materials^'* Lincoln Labora^ 
tory Memorandum M-260 2 i> January 6^ 19$k« 

BROWNd D« B.t>s BUGK^ De and MENIDK^ Nog wj^ comparison of metals 
and ferrites for high-speed pulse operation^,'® Transactions 
American Institute of Electrical Engineers (Coirmunications and 
Electronics^ 1955 s> No© 16^ po 631«63it)o 

BATES^ Lo Fo and HARTIN^ Do Hog <«Domains of reverse magnetization^ «» 
Proceedings Physical Society (London) February 1953 i> A66^ po 162«=166! 
«*Ferromagnetic domain nucleation in silicon iron^®* Pl'oceedings 
Physical Society (London) February 1956^ B6£^ po lli5«l52o 

(3^) CHILDRESS^ Jo Dog ^Memory-core heating by switching at high 
, „ . frequencies 5 «» Lincoln Laboratory Memorandum 6M=4l37 (January 31j^ 
1956)o 




H 



Fig. 1 

Definition of terms detennining the shape of the B.*H loop. 
At Br information stored is a ORE, at -B^, a ZERO, "WRITE end 
READ pulses are %, -%. 
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Pig. 2 

Rocm t«nqperat\ire contours of maxtmun aqjuareness ratio in the as<4Bixed eoapositional systen Mgp-V^^^'MDO. 
Mixed oxides were fired in air between 1200% and lU^^'C; they were annealed for one hour in Vg ^ 
atmosphere at 1100^. Sqtnreness drops off shazi^ly with precipitate formatioa and as eurle temperature is 
approached. There is no discontinuity in squareness ausross boundairy betveen eiibie and tetraeooAl («/a>l) 
spinels. Homogeneity obserred to be important for sqpareness. 
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Fig. 3 

Variations in swittM^m time T, coercivity H^, noise voltage ^^, peak voltage signal 
^V, caused by a read pulse on a memory core storing an undistiirbed "one" with (a) sintering 
time at 1350°C and (b) temperature of 10 hr. sinter. If cores with ^V^^ > l6QmV, <3y2<25mV 
with 1000 ma drive, 500 ma distvirb currents are required, sintering temperature range 
throughout furnace must be 1330^0 < T<lU00°C. 
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Changes in loop shape of a core of ferroxcube Jf-B with the ^^ppLica-tioa of an e:!ctemal corapressi-vH stress 
<r = 0.5^ kg/naaS, The stress vas applied "by loading a circumferential steel banii with a wel^t. The 
solid hysteresis loop is that of a core under compression except when or is removed and reapplied a-fc cer- 
tain field strengths. Detail^ ejCEiLanation of similar resT:§.ta for pe rmallo y in terms of grain-boundary 
nurleation given in ref . (lO) . 
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Fig. 5» Voltage -output wave forms for a xoagneslum-inanganese memory core 

(MgQ Q MQo,5 ^®1.7 ^1*^ driven "by (l) a distin-b read pulse H^ = 1.1 oe. (If TO ma) 

which does not destroy the information stored, (2) a field which is low yet 
capable of destroying the stored information: H = l.U oe (575 Jna), (3) mintmum 
normal read pulse: Bm * 1.8 oe. (7^ ins^); aJ^d {k) maxim\M normal read pulse: 
Hni = 2.1 oe. (9OO ma). The driving-pulse rise time is 0.2 ^isec. The peak out- 
put voltages are 20, 30, 85, lUo mV, respectively. The dot at the peak of the 
normal read pulse marks the strobe time. In practice the output voltage is 
sampled at the time the signal-to-noise ratio is a maximum. Switching time is 
measured as the time the voltage is greater than 0.1 of the i>eak voltage. 
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Fig; 6 

Effect of eoeBTpressi've stx^as on several w&pertieB of a 
rerroacetibe^-103 core (after II Mea^uk (35)). The swltchlag coeffl- 
elent S^ and threshold field E^ have been corrected for lack of 
loot aqtuarenesfl. 
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Temperature limitations for a MgQ^Q ^^D.5 ^^l.T ^k ^°^® used as a memory, 
element in a two -to -one selection * scheme (after J. Childress (38)). The 
switching time t decreases with increasing maximum driving field E^; the 
lower limit of satisfactory operation is t = 1.25|jLsec. For two-to-one selection, 
it is necessary to have %/Hjjj > 0.5, where H^ is the maximiM disturb field which 
does not destroy the information contained in the core: the upper limit for 
satisfactory operation is therefore IB-gJli^ = 0.5. These margins are plotted as a 
function of temperature along with the temperature of 50 juxtaposed cores immersed 
in a 20° C oil bath which are being switched with different repetition frequencies 
f . (in still air the rise in temperature with frequency is steeper: in actual 
operation the cores are separated from one another) . The core temperat\are was 
determined indirectly by previously observing the switching characteristics as a 
f -unction of temperature. The maximum possible frequency at which a core in a 
memory of ^[isec cycle time could be switched is ^i-OO kc/sec. Ctirrent high-speed 
memories have 6^xsec cycle time, and the cores are cooled by forced air. 
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SCHEMATIC ENERGY LEVELS FOR d 0RBITAL8 OF 
CATIONS IN A OR B SITES OF A SPINEL-TYPE LATTICE 
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SCHEMATIC REPRESENTATION OF INDIRECT 



SEMICOVALENT EXCHANGE! 



(a> ANTIFERROMAGNETIC COUPLING 



(b) FERROMAGNETIC COUPLING 
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Fig. 10 

Variation with x of Curie Temperature T^, maximum sguareness ratio Rg(inax), 
saturation fliix density (Hg= 30 oe.), an<i coercivity H^jg for the ccmpositional 
series ('^^0^)o^i^ (M^®2^u)o.85-x (ZnFe20i^)x. 



